In this letter, we demonstrated a dual-wavelength (DW) mid-infrared optical parametric oscillator (OPO) that was pumped by two independent fiber lasers fixed at 1018 nm and 1080 nm, and realized phase-matched signal beam coupling by tuning grating period of PPLN. Based on signal beam coupling, two interesting phenomena were observed for the first time. One is that the OPO threshold for 1018 nm and 1080 nm pump beams could be drastically lowered from 15.4 W to 266 mW and from 13.5 W to 1.38 W separately. The other is that the total idler power obtained when the OPO was simultaneously pumped by two fiber lasers was higher than sum of idler power obtained when the OPO was independently pumped by two fiber lasers, revealing obvious parametric gain enhancement. It also indicated that the two independent OPO processes became coherent when two signal beams were coupled. The results exhibit great potential in practical applications such as frequency down-conversion of some special near-infrared laser sources such as pulsed single-frequency sources, spectrum high-speed swept sources, and ultra-short pulse sources with low duty cycle.
Introduction
DW mid-infrared sources have attracted significant attentions due to their wide range of applications in areas of medical diagnosis [1] , optical communication [2] , remote sensing [3] , as well as material processing [4] . OPOs are now well-established mid-infrared sources which can offer coherent light [5] , high power [6] , broad bandwidth [7] and wide tuning range [8] , [9] . To obtain DW mid-infrared output in a single resonator, different methods have been adopted [10] - [14] . In 2000, Kodo Kawase et al. demonstrated a DW OPO using a piece of dual-grating cascaded PPLN wafer [10] . The PPLN crystal had two grating periods which limited its nonlinear parametric efficiency. In 2009, Feng Ji et al. reported an efficient OPO with dual-idler wave output based on PPLN with a periodicallyphase-reversed grating structure [11] . In 2011, G. K. Samanta et al. reported a cw DW OPO using two nonlinear crystals in a single cavity and provided two independently tunable pairs of signal and idler wavelengths [12] . In 2013, Peipei Jiang et al. reported a fiber-laser-pumped DW mid-infrared OPO based on an aperiodic poled MgO-doped lithium niobate wafer with an aperiodic optical superlattice (AOS) structure [13] . In 2014, V. Ramaiah-Badarla et al. reported a picosecond DW OPO, based on two MgO:PPLN crystals sharing the same cavity and synchronously pumped by a 1064 nm fiber laser [14] . In 2015, Yuwei Jin et al. demonstrated a fiber-laser-pumped two-crystal mid-infrared DW OPO [15] . All above schemes were based on two independent OPO processes.
Adopting dual-or multi-wavelength fiber lasers as pump sources was another effective method to realize DW mid-infrared output [16] , [17] . Recently Yaping Shang and Peng Wang reported DW and triple-wavelength mid-infrared OPOs, pumped by DW fiber sources which was obtained by combining two fiber lasers in cascade [16] , [17] . Besides, Peng Wang et al. demonstrated a wide tunable, DW, continuous-wave (CW) OPO by keeping one pump wavelength fixed and enabling the other tunable [18] . In these papers, only one signal beam was observed and the difference frequency generation (DFG) occurred between the signal beam and low-power pump beam, which didn't satisfy phase-matching conditions. Although the experimental results revealed widened DFG gain bandwidth, it can be speculated that the conversion efficiency would be much higher if both two nonlinear processes were phase matched.
In this paper, we demonstrated a DW mid-infrared OPO pumped by two independent CW fiber lasers located at 1018 nm and 1080 nm. The grating period of PPLN was appropriately tuned for enabling two pump beams satisfy phase-matching conditions with one signal beam at the same time. Meanwhile, the coupling of two signal beams was observed within phase-matched parametric acceptance bandwidth for the first time. The most interesting part found in the experiment was greatly decreased OPO threshold and enhanced parametric gain. Due to phase-matched signal beam coupling, the OPO threshold for 1018 nm and 1080 nm pump beams was reduced from 15.4 W to 266 mW and from 13.5 W to 1.38 W separately. Besides, the total idler power of OPO simultaneously pumped by two lasers was higher than sum of idler power of OPO pumped by single laser. This was of great importance for improving DW output power. The experiment results also revealed practical application in frequency down-conversion of low-power near-infrared sources.
Experiment Configuration
The experimental setup is illustrated in Fig. 1 . Two home-made CW Yb-doped fiber lasers (YDFL) with central wavelengths of 1018 nm and 1080 nm were employed as pump sources. The maximum output power of 1018 nm and 1080 nm fiber lasers was 22.2 W and 18.2 W separately. They were combined with a fused 1018/1080 nm wavelength division multiplexer (WDM) and focused into the center of the crystal through a focusing lens which emitted the collimated DW pump beam whose spot size was measured to be 2 mm. The OPO was designed as a four-mirror ring cavity, consisting of two plane-concave mirrors, M1 and M2, and two plane mirrors, M3 and M4. The curved mirrors, M1 and M2, were separated by 280 mm and the plane M3 and M4, by 262 mm. The angle of incidence at each mirror was about 7°. The Both the curvature radius of M1 and M2 was 150 mm. All cavity mirrors had anti-reflection coating (R < 5%) for the pump over 1∼1.1 μm and the idler over 3∼4 μm. Three mirrors M2, M3 and M4 had high-reflection coating (R > 99%) for the signal over 1.4∼1.7 μm and M1 was the output coupling mirror, having about 5% transmittance in the the signal range, thus ensuring singly resonant oscillation operation for the signal beam. The nonlinear crystal was a 50 (length) × 10 (width) × 1(height) mm 3 MgO: PPLN crystal with a fan-out grating period. Both two end faces of PPLN were coated with anti-reflection for all three wavelength bands (the pump, idler and signal). After the resonant cavity, a collimating lens was used to enable the output laser parallel for accurate measurement. Two dichroic mirrors, M5 and M6, were placed behind the collimating lens to separate the residual pump, signal and idler beams.
Experiment Results and Discussion
The experiment was initially designed for demonstrating DW OPO pumped by two independent fiber lasers. However, it was found that the two independent OPO processes could be coupled and the wavelengths of two signal beams could be tuned into the same by changing the period of PPLN crystal. Meanwhile, two interesting phenomena were found during the coupling process of two OPO processes. They were efficiency increase and threshold decrease which could be explained as the result of the intra-cavity DFG.
Observation of Signal Beam Coupling
To analyze the evolution process of signal beam coupling, the signal spectra under different grating period were measured and shown in Fig. 2(a) -(c) when the OPO was simultaneously pumped by two fiber lasers. As can be seen from Fig. 2(a) that the central wavelength interval of two signal beams was 10 nm when the grating period was 30.09 μm, indicating two completely independent OPO processes. The wavelength interval became smaller and part of two signal spectra became overlapped when the grating period decreased. With further adjusting of PPLN position, the overlapped parts became larger but two central peaks in signal spectra were still able to distinguish when the wavelength interval was larger than 5 nm as shown in Fig. 2(b) .
When the grating period reached 29.97 μm and the wavelength interval was smaller than 5 nm, two signal spectra merged together immediately and the signal spectrum just seemed like singlewavelength radiation with central wavelength located at 1512 nm as shown in Fig. 2(c) , indicating that two independent OPOs became relevant. This phenomenon was never observed before and indicated that under particular grating period, there exists the possibility that two completely irrelevant near-infrared radiations were able to become related based on signal-beam-coupling OPOs. For comparison, Fig. 2(d) shows the measured signal spectra when the OPO was pumped by two lasers at the same time (in blue), by 1018 nm laser (in red) and by 1080 nm laser (in green) separately when the grating period was 29.97 μm. Both of the signal wavelength generated by three types fiber laser was almost at 1512 nm. It can be speculated that the homomorphism of photons in two signal beams was extracted by two parametric processes and resulted in the signal beam coupling when two signal beams were close enough to each other.
To analyze the signal beam coupling process, the tuning curves of 1018/1080 nm pumped OPO were simulated based on the often-cited LiNbO 3 Sellmeier equations from Edwards and Lawrence [19] , and presented in Fig. 3 . In the simulation, the grating period was set ranging from 26∼32 μm and the temperature was set at 25°C. Fig. 3 reveals that an intersection exists in two tuning curves where the grating period and signal wavelength is 29.97 μm and 1512 nm. The corresponding idler wavelengths are 3118 nm and 3780 nm. Coincidentally, the measured coupling signal wavelength at 29.97 μm was also located at 1512 nm, just the same as the simulated result. The measured signal wavelength at 30.09 μm and 30.06 μm was also very close to the simulated results.
According to the simulation results, the two signal beams are unable to achieve coupled unless the grating period is exactly set at 29.97 μm. But different from the simulation results, in the experiment, the signal beam coupling of two OPO processes was realized when the grating period was longer than 29.97 μm. Only one signal beam was observed at 1512 nm when the grating period covered 30.02-29.97 μm.
Observation of Parametric Gain Enhancement
To further study the impact on conversion efficiency of two independent OPO processes caused by signal beam coupling, the output characteristics of OPO under different pump conditions were recorded when the grating period was set at 29.97 μm. Fig. 4(a) shows the measured signal and idler power as a function of pump power when the OPO was pumped by 1018 nm and 1080 nm lasers separately. The threshold of 1018 nm pump OPO was about 14 W. When the 1018 nm pump power changed from 14 W to 26 W, the corresponding signal and idler power increased from 0.202 W to 0.93 W and 0.465 W to 2.54 W separately. The pump-to-idler slope efficiency was calculated to be about 21.4%. Similarly, the threshold of 1080 nm pumped OPO was 13.5 W. The signal and idler power increased from 0.323 W to 0.463 W and 0.67 W to 0.94 W separately when the 1080 nm pump power changed from 13 W to 22 W. The pump-to-idler slope efficiency was calculated to be about 3.1%, much lower than the 1018 nm pumped OPO. It was analyzed that shorter pump radiation will lead to a higher parametric gain according to the Ref. [20] . Fig. 4(b) and (c) plotted the measured signal and idler spectra under 1018 nm and 1080 nm pumping separately. The signal and idler wavelength of two OPOs fitted with the simulation results shown in Fig. 3 . 5(a) plots the measured total signal and idler power of OPO pumped synchronously by two fiber lasers, and calculated sum of signal and idler power under 1018 nm and 1080 nm pumping separately when the grating period was fixed at 29.97 μm. The 1018 nm and 1080 nm pump power ranged from 15.4 W to 22.2 W and from 13.5 W and 18.2W separately. The total signal and idler power increased from 1.09 W to 1.42 W and 3.2 to 3.8 W separately. It can be clearly seen that both the total signal and idler power was higher than sum of signal and idler power. This phenomenon clearly verified that the signal beam coupling made two OPOs interact with each other, not just spectra overlap. It also enhanced the conversion efficiency of each parametric process. Fig. 5(b) illustrates the measured idler spectra when the OPO was simultaneously pumped by two fiber lasers at their maximum power. It had two central wavelengths located at 3110 nm and 3779 nm, corresponding to 1018 nm and 1080 nm pump waves separately. The intensity of 3779 nm idler beam seemed to be higher than 3110 nm idler beam according to Fig. 5(b) . However, the actual 3110 nm idler power was definitely higher than the 3779 nm idler beam according to their each pump power. It was analyzed that the wavemeter used for measuring idler spectrum was not accuracy enough. In many pervious experiments we carried out, it was found that the mid-infrared spectra measured by this wavemeter revealed accurate wavelength location no matter how many peaks the spectra had. But the relationship between their intensity in the measured spectra was not correct compared with their real power. So the intensity of two idler beams shown in Fig. 5(b) was not correct and couldn't be regarded as their real power. In further study, we planned to adopt dichroic mirrors to divide two idler beams for measuring their real power.
It was speculated that the signal beam generated in first OPO made the photon be homomorphism in second parametric process when two signal beams were coupled. Based on the last part, the photon in the second signal beam will be locked by the photon in first OPO and make them be the homomorphism photon which enhanced the conversion efficiency of the parametric process. We consider that is the reason resulting in the high conversion efficiency for both signal and idler. 
Observation of Threshold Decrease
Besides obvious parametric gain enhancement, the threshold decrease of frequency downconversion of 1018 nm and 1080 nm laser under signal beam coupling was observed in the experiment. Fig. 6 (a) illustrates measured idler spectrum when the OPO was simultaneously pumped by 25.5 W 1018 nm and 266 mW 1080 nm laser under signal beam coupling. The idler beam had two central wavelengths fixed at 3128 nm and 3797 nm, corresponding to frequency down-conversion of 1018 nm and 1080 nm laser separately. Just one idler beam at 3128 nm was observed when the 1080 nm pump power was lower than 266 mW, indicating that the nonlinear process happening to the 1080 nm laser was an OPO process. In other words, the OPO threshold of 1080 nm laser decreased from 13.5 W under independent pumping to 266 mW under dual-laser pumping. Similarly, the measured idler spectrum when the OPO was synchronously pumped by 1.38 W 1018 nm laser and 22.2 W 1080 nm laser under signal beam coupling was shown in Fig. 6(b) and the inset was magnification of idler spectrum ranging from 3000 nm to 3200 nm. The idler spectrum also had two central wavelengths fixed at 3111 nm and 3774 nm. Only one idler beam at 3111 nm was observed when the 1018 nm pump power was lower than 1.38 W. It means that the 1018 nm pump beam also built parametric oscillation and its OPO threshold was also reduced from 15.4 W to 1.38 W. Obviously, the 1080 nm pumped OPO threshold was easier to be reduced than the 1018 nm pumped OPO.
According to the Ref. [20] , the pump power reached the oscillation threshold of a SRO under perfect phase-matching condition ( k = 0) when the single-pass parametric gain experienced by the resonant wave equals to its total round-trip loss. Based on this theory, a large fraction of coupling signal wave can be used to compensate for the round-trip loss and the remaining useful signal radiation is compromised. We suspected that this is the reason for the threshold decrease. This phenomenon has extensive applying prospect in implementing mid-infrared frequency downconversion of low power or special near-infrared source.
Conclusion
In conclusion, we present a DW mid-infrared OPO pumped by two independent CW fiber lasers located at 1018 nm and 1080 nm. The coupling of signal beams generated by two irrelevant OPOs was observed for the first time by choosing appropriate grating period. The most interesting phenomenon is that different from the simulation results, the signal beam coupling always happened so long as the central wavelength gap of two signal beams was smaller than 5 nm while the grating period of the PPLN crystal was set between 29.98-30.02 μm. Benefitting from the signal beam coupling, the total signal and idler power under dual-laser pumping was higher than sum of signal and idler power under independent pumping, indicating the parametric gain enhancement. This result also verified that the two OPO processes became related based on signal beam coupling, not just spectrum overlap. Besides the parametric gain enhancement, it was found that benefiting from signal beam coupling, the OPO threshold of 1018 nm and 1080 nm laser obviously decreased from 15.4 W to 1.38 W and from 13.5 W to 266 mW separately. Compared with previous reports, this method provides an effective way to improve the long-wavelength-pump-to-idler conversion efficiency and can be applied in mid-infrared frequency down-conversion of low-power near-infrared laser source because of great decrease in threshold.
